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coverage over tropical regions with high air traffic after removing the ENSO effect. The results show that there is a small positive trend in cirrus clouds over the S. E. Asia air corridors during winter (+0.1% cover/decade), which is not statistically significant and is related to small positive trends in deep convective clouds. In summer, cirrus clouds are anti-correlated with deep convective clouds over this region and the trends are opposite. The negative trends in cirrus clouds, which are observed in the summer (-4.5% cover/ decade), are related to trends in dynamical and thermo-dynamical parameters. It is shown that cirrus clouds are statistically significant correlated with vertical velocities and air temperature at 200 mb (correlations of -0.7 and -0.6, respectively), explaining the highest part of the long-term variability of cirrus clouds over S. E. Asia. Over the Caribbean air corridors, on the other hand, there are significant increases in cirrus cloudiness by about 2.5% per decade in winter (99% confidence level) and 2.7% cover/ decade in the summer (95% confidence level), part of which is also related to trends in dynamical and thermo-dynamical parameters. According to our findings, it is difficult to detect possible effects of regional persistent contrails on cirrus cloud trends over the S. E. Asia air traffic corridors. This is because in winter there are not statistically significant trends in cirrus clouds and in summer trends in dynamics and thermo-dynamics mask this issue. Taking also into account that flight frequencies and fuel consumption are moderate over the tropical air traffic corridors, it makes it even more difficult to detect and quantify any possible anthropogenic effects.
INTRODUCTION
Recent studies on the effects of aviation on cirrus clouds (Zerefos et al. 2003; Minnis et al. 2004; Stordal et al. 2005; Stubenrauch and Schumann 2005) have shown evidence of increasing trends in cirrus/high cloud coverage over congested air traffic locations in possible association with aviation activities. Zerefos et al. (2003) after removing correlations related to natural perturbations (such as ENSO, QBO, NAO, and tropopause temperatures) found a statistically significant positive correlation (+0.7) between decadal changes in cirrus cloud cover and aviation fuel consumption along the latitude belt centred at the North Atlantic air traffic corridor, providing an independent test of possible impact of aviation on contrail cirrus formation. Minnis et al. (2004) found that seasonal cirrus changes over the United States were generally consistent with the annual cycle of contrail coverage and frequency lending additional evidence to the role of contrails in the observed trend. It was concluded that the U.S. cirrus trends were most likely due to air traffic.
In Europe, Stordal et al. (2005) found indications of a trend of about 1 -2% cloud cover per decade due to aircraft, in reasonable agreement with previous studies. Even though they found moderate correlations between trends in cirrus cloud cover and aircraft density data, as many other factors could have also contributed to changes in cirrus, they still regarded their results to be indicative of an impact of aircraft on cirrus amount. Stubenrauch and Schumann (2005) provided another link of cirrus increase to air traffic by comparing cirrus trends for meteorological situations favourable for contrail formation to those in general and those favourable for cirrus, based on analysis of TOVS Path-B satellite data of effective high cloud amount and relative humidity over Europe and the North Atlantic flight corridor. In conclusion, they found a weak but significant decadal increase of cirrus in regions where air traffic is very high for situations in which the air is cold and humid enough to let contrails form.
Radiative forcing from aviation induced cirrus clouds might be as large as the present estimate of the total radiative forcing (without cirrus). However, the present knowledge on these anthropogenic-induced cirrus clouds is at present poor to provide reliable estimates on the associated radiative forcing of the atmosphere (Sausen et al. 2005) . Over Europe, the aircraft induced cirrus cover is about ten times larger than that of linear contrails in the same region and the radiative forcing from the additional cirrus may be more than 10 times higher than that of linear contrails and aviation induced CO 2 increases (Mannstein and Schumann 2005) .
In this study we examine the effect of natural perturbations on cirrus cloud cover in the tropics and we look for possible signal of cirrus contrails in tropical air traffic regions focussing on S. E. Asia, a region that has received much less attention than the well investigated North Atlantic and North American air traffic corridors. The ultimate goal of the study is to stimulate more in depth scientific assessments in the future focusing on the S. E. Asia corridor as far as the impact of air traffic on cirrus cloud positive trends is concerned.
DATASETS AND METHODOLOGY

ISCCP Cloud Data
Mean monthly cirrus cloud data from the International Satellite Cloud Climatology Project (ISCCP) (Rossow and Schiffer 1999) were used to calculate long-term changes in cirrus cloud cover from 1984 to 2000. The data are based on observations from the suite of operational geostationary and polar orbiting satellites. Visible radiances are used to retrieve the optical thickness of clouds and infrared radiances to retrieve cloud top temperature and pressure. The D2 dataset used in this study has a spatial resolution of 280 km (2.5° at the equator) and provides monthly averages of cloud properties of fifteen different cloud types. The cloud types are derived based on radiometric definitions that rely on cloud optical thickness and cloud top pressure. Cirrus clouds are defined as those with optical thickness less than 3.6 and cloud top pressure less than 440 mb. Deep convective clouds are defined as those with optical thickness greater than 23 and cloud top pressure less than 440 mb.
In the latest (D-series) version of the ISCCP dataset, changes in the retrieval thresholds and the inclusion of an ice microphysics model for retrieval of optical thicknesses and top temperatures of cold clouds, have improved the agreement of cirrus cloud amounts with both surface observations (Rossow and Schiffer 1999) and High-Resolution Infrared Sounder (HIRS) data (Stubenrauch et al. 1999 ). An underestimate of ISCCP cirrus clouds amounts (~5% at middle latitudes and ~15% in the tropical warm pool) compared to HIRS results is caused by missed detection of very thin clouds (Rossow and Schiffer 1999; Stubenrauch et al. 1999) . Liao et al. (1995) had shown that the frequency of high-level clouds from SAGE II is about 3 times higher than the cloud amount from ISCCP with little seasonal variation. Despite this large systematic difference it was noted that the correlation between the zonal mean curves is high, 0.88 (99.99% confidence level) for July and 0.82 (99.99% confidence level) for January, which strengthens our results.
ECMWF Reanalysis Data
Vertical velocities, relative humidity and air temperature at 200 mb were analysed from the ECMWF/ERA40 Reanalysis datasets 1 for the period 1984 -2000. ECMWF provides mean monthly gridded values of various atmospheric and surface parameters on 2.5° × 2.5° grid boxes on a global scale (90°N -90°S, 0°E -357.5°E). We made use of the monthly daily means which are monthly means from base times 0000, 0600, 1200, and 1800 UTC. The vertical velocity is the vertical displacement in a pressure unit over time (in Pa s -1 ) and was used, in addition to deep convective clouds, as a tracer of dynamics (convective activity) in the upper troposphere. As a tracer of thermo-dynamical variability over the studied areas we analysed trends in relative humidity and air temperature at 200 mb. Potential contrail formation is strongest at high altitudes (150 -200 mb) over the tropics, where it is very cold and where sufficient moisture is available because of tropical convection (Sausen et al. 1998 ).
Methodology
To answer the question of whether observed trends in cirrus clouds over S. E. Asia are associated with man-made cirrus contrails or are caused by natural sources, we have analysed meteorological parameters in the region to evaluate whether observed changes in cirrus clouds are related to dynamical and thermo-dynamical variability. The analysis is also performed for the Caribbean Sea for comparison purposes with a region that experiences similar flight frequencies and fuel consumption.
In a first step, we determine the correlation between cirrus clouds, deep convective clouds and vertical velocities at each individual grid box in order to identify regions in the tropics in which cirrus cloud changes could be related to dynamical variability. The correlations of these variables with cirrus clouds are shown on correlation maps, which were based on the correlation coefficient of the time series of the monthly means of any of these variables from January 1984 to December 2000 (180 data points, excluding years 1991/92) with the respective time series of cirrus at each grid point.
Next, we examine the effects of transient El Nino phenomena on cloudiness, which could also influence the variance of tropical cirrus clouds. After removing from the datasets seasonality and correlations related to El Nino/Southern Oscillation (ENSO), we analyse seasonal trends in cirrus clouds over Southeast Asia and the Caribbean Sea and investigate whether the observed trends in cirrus reflect trends in dynamics and thermo-dynamics. Having determined dynamical and thermo-dynamical variability on cirrus cloud trends over the tropical air traffic corridors, we discuss the potential impact of cirrus contrails on tropical cirrus clouds.
To overcome the effect of seasonal variations in the estimated trends, all trends were calculated after removing variations related to the seasonal cycle of the data. Cirrus cloud data were deseasonalized by subtracting the long-term monthly mean (1984 -2000) pertaining to the same calendar month. All trends have been evaluated as to their statistical significance by applying the t-test of each trend against the null hypothesis of no-trend for the appropriate number of degrees of freedom. Because of the contamination of the ISCCP satellite signal by the Mt. Pinatubo eruption due to the additional visible reflection by volcanic aerosols hanging around in the stratosphere (Rossow and Schiffer 1999) , cloud data taken between 1991 and 1992 were not used in our analysis in order to minimize the impact of the volcanic eruption on the satellite retrievals. Figure 1 shows the annual mean cirrus cloud amount (in % cover) for the period 1984 -2000 over the globe. As can be seen from Fig. 1 , regions within the Inter-Tropical Convergence Zone (ITCZ) are regions with the highest cirrus cloud amounts in all seasons. The mean annual cirrus cloud cover in the tropics, according to ISCCP, exceeds 18%. The highest amounts are observed over Micronesia (30 -35%) and over central Africa (25 -30%). Extensive cirrusfree ocean regions are also observed in the tropics, which correspond to the persistent highpressure systems over these regions. These features are consistent to previous studies (Wang et al. 1996) . Over Southeast Asia, the annual mean cirrus coverage amounts to ~24%.
RESULTS AND DISCUSSION
The geographical distribution of cirrus cloud cover reflects the characteristics of cloud activities with deep convection in the tropics. Cirrus cloud cover is strongly correlated to deep convective cloud cover and to vertical air motions in the tropics (Figs. 2 and 3, respectively) . These correlations determine more than 50% of the variance in cirrus coverage at some locations and can be attributed mostly to the seasonal cycle. Over S. E. Asia, the correlation between the monthly mean cirrus cloud cover and monthly mean deep convective cloud cover from January 1984 to December 2000 is about +0.7 (statistically significant at the 99% confidence level). The respective correlation with the vertical velocities at 200 mb is also statistically significant (correlation of -0.8, 99% confidence level).
After removing seasonality from cirrus coverage, ENSO opposing signals become dominant over regions of the western and the eastern tropical Pacific Ocean, determining a significant part of the cirrus inter-annual natural variability (Wang et al. 2003) . Relative to normal conditions, the strong El Nino episode in 1997/98 caused significant increases in cirrus cloudiness over the tropical Pacific Ocean by about 10 -15% and comparable decreases over Micronesia (Fig. 4) . These changes are related to proportional changes in deep convective cloud amount and in vertical air motions as seen in Figs. 5 and 6, respectively. Over Southeast Asia, the average decrease in cirrus during the strong 1997/98 El Nino event was about 6% cloud cover or ~25% of the regional mean. Possible signal of cirrus contrails on tropical natural cirrus was investigated by calculating trends in cirrus coverage over the Southeast Asia air corridors (0°N -25°N, 90°E -120°E ) and over the Caribbean air traffic corridors (0°N -25°N, 60°W -90°W) . A general climatology of cirrus clouds over these regions is provided in Table 1. Table 1 also shows the wintertime and summertime averages of deep convective clouds, vertical velocities, relative humidity and air temperature at 200 mb. As can be seen from Table 1 , the averaged cirrus amount over S. E. Asia is ~12% higher in the summer when compared to the winter, as a result of the influence of the summertime Monsoon circulation system in the tropics. The corresponding difference between the summertime and wintertime averages of deep convective clouds amounts to ~6%. The dominant winds, which are downward in the wintertime, turn into upward in the summertime and are being enhanced. Relative humidity is always higher in the summertime when compared to the wintertime and air temperatures at 200 mb are always low (about -50°C).
Potential contrail formation is strongest at high altitudes (150 -200 mb) over the tropics, where it is very cold and where sufficient moisture is available because of tropical convection (Sausen et al. 1998 ). On the other hand at the same altitude range (around 200 mb) there is enough air traffic to produce contrails and hence it is possible that our cirrus amounts may also include persistent contrails and that our cirrus trends may be attributed not only to trends in natural cirrus, but also to trends in cirrus contrails 2 . The results show that there is a small positive trend in cirrus clouds over the S. E. Asia air corridors during winter (+0.1% cover/decade), which is not statistically significant and could be related to the small positive trend in deep convective clouds. In summer, cirrus clouds are anti-correlated with deep convective clouds over this region and the trends are opposite. Over the Caribbean air corridors, on the other hand, there are significant increases in cirrus cloudiness by about 2.5% per decade in winter (99% confidence level) and 2.7% cover/decade in the summer (95% confidence level), which are not related to trends in deep convective clouds. It should be noted that flight frequencies and fuel consumption over the two target tropical areas, Southeast Asia and the Caribbean Sea, are moderate (shown, for example, in Fig. 1 of Zerefos et al. 2003) . Thus, if a trend in contrail-cirrus exists, the trend is likely to be small. From the results shown in Figs. 7 and 8, a decadal positive trend in cirrus coverage does exist especially in the area over the Caribbean Sea. The question is whether the trend is indeed associated with contrails or whether it has been caused by natural sources. To answer this question, we have analysed trends in dynamical and thermo-dynamical parameters over Southeast Asia and the Caribbean Sea in winter and in summer and compared them with the observed trends in cirrus clouds (Table 2) . Table 3 shows the respective correlation coefficients between the temporal variability of these parameters and the temporal variability of cirrus clouds.
As can be seen from Tables 2 and 3 , over Southeast Asia the observed small positive trend in cirrus clouds in winter (+0.1% cover/decade) is statistically significant correlated with small positive trends in deep convective clouds (correlation of +0.8, 99% confidence level). Both of these trends, however, are not statistically significant. Trends in vertical velocities and relative humidity at 200 mb are also not statistically significant (Table 2) , neither are their correlations with the cirrus trends (Table 3) . Air temperature at 200 mb is also increasing in the region (+0.5°C per decade, 95% confidence level), but this trend is not related to the observed trend in cirrus clouds. Therefore, in the examined period trends in cirrus clouds are likely to be caused by trends in deep convective clouds. In summer, cirrus clouds are anti-correlated with deep convective clouds over this region and the trends are opposite. In summer, there is a statistically significant decreasing trend in cirrus clouds over S. E. Asia (-4.5% cover/decade, 99% confidence level), which is related to trends in dynamical and thermo-dynamical parameters. As can be seen from Table 3 , cirrus cloud cover is strongly correlated with vertical velocities at 200 mb in summer (correlation of -0.7, statistically significant at the 99% confidence level), explaining the highest part of the observed long-term variability of cirrus clouds. The upward air motions are decreasing in summer, leading to a decrease in cirrus cloud amounts. To quantify the part of the cirrus cloud trend that is caused by trends in vertical winds, we have derived the respective vertical velocity related cirrus trend by multiplying the regression coefficient between cirrus and vertical velocities with the trend in vertical velocities for the period 1984 -2000. According to our calculations, the vertical velocity related cirrus trend over S. E. Asia in summer is about -3.5% cover per decade, indicating that ~78% of the observed trend in cirrus is caused by trends in vertical winds. Moreover in summer, air temperature changes at 200 mb are also statistically significant anti-correlated with cirrus cloud changes over S. E. Asia (correlation of -0.6, 95% confidence level), which can be attributed to the fact that at higher temperatures cirrus clouds form less efficiently and vice-versa. Trends in relative humidity at 200 mb and their correlations with the cirrus trends were not found to be statistically significant in the examined period. Over the Caribbean Sea, on the other hand, there is a statistically significant decreasing trend in vertical velocities at 200 mb in winter of ~4.8 mPa s -1 per decade. Since vertical velocities are positive in this region in the wintertime (Table 1) , the negative trend that we find suggests a reduction in large-scale downward winds, which could lead to an increase in largescale cirrus clouds. Cirrus trends are indeed positive in the wintertime (+2.5% cover/decade) and could be related to the trends in vertical velocities. As can be seen from Table 3 , over the Caribbean Sea there is a strong correlation (-0.8) between the variability of cirrus clouds and the variability of vertical velocities in winter, which is statistically significant at the 99% confidence level. The correlation suggests that ~64% of the variability of cirrus in winter is explained by variability in vertical velocities at 200 mb and therefore trends in dynamics determine the highest part of the observed cirrus trends. To quantify this part, the respective vertical velocity related cirrus trend is about +2.0% cover per decade, indicating that ~80% of the observed trend in cirrus is caused by trends in vertical winds. Relative humidity at 200 mb is also increasing in the area (~1.6% per decade), but this trend is not significantly correlated with the observed trend in cirrus. The remaining part of cirrus cloud variability (~36%) is related to other factors, which could also include the possible effects from regional persistent contrails. This part, however, is likely to be small since flight frequencies and fuel consumption in the area are moderate. In summertime, cirrus cloud positive trends in the Caribbean (+2.7% cover/decade) are not statistically significant correlated to trends in vertical velocities at 200 mb as it was found in the case of S. E. Asia (Table 3 ). However, it should be considered that in summertime upward air motions over the Caribbean Sea are, on average, about 1/3 weaker than over S. E. Asia (about -10 mPa s -1 in the Caribbean and about -32 mPa s -1 over S. E. Asia) and that trends in vertical velocities at 200 mb are very small (+0.4 mPa s -1 per decade).
In any case, the period under study is short for trend analyses and the results should be considered with caution as far as it concerns any anthropogenic effects on tropical cirrus coverage.
SUMMARY AND CONCLUSIONS
In order to explore the question of whether observed trends in cirrus clouds over Southeast Asia are associated with man-made cirrus contrails or are caused by inter-annual variability, parameters that could possibly control contrail cover in this region such as ambient humidity, temperature and upward motions (Schumann 2000) have been studied as to their inter-annual variability and its relationship with cirrus cloud coverage. For comparison reasons our analysis was also performed for the Caribbean Sea, a region that experiences similar flight frequencies and fuel consumption with S. E. Asia. Over Southeast Asia, there is a small positive trend in cirrus clouds in winter (+0.1% cover/decade), which is not statistically significant and is related to small positive trends in deep convective clouds (+0.4% cover/decade). In summer, cirrus clouds are anti-correlated with deep convective clouds over this region and the trends are opposite. In summer, there is a statistically significant decreasing trend in cirrus clouds over S. E. Asia (-4.5% cover/decade, 99% confidence level), which is explained by trends in dynamical and thermo-dynamical parameters. Cirrus cloud cover is statistically significant correlated with vertical velocities and air temperature at 200 mb (correlations of -0.7 and -0.6, respectively), explaining the highest part of the observed long-term variability of cirrus clouds over S. E. Asia. The upward air motions are decreasing in summer, leading to a decrease in cirrus cloud amounts. According to our calculations, the vertical velocity related cirrus trend over S. E. Asia in summer is about -3.5% cover per decade, indicating that ~78% of the observed trend in cirrus has been caused by trends in vertical winds. Trends in relative humidity at 200 mb and their correlations with the cirrus trends were not found to be statistically significant in the examined period.
Over the Caribbean Sea, on the other hand, a strong decadal positive trend in cirrus clouds was found in the wintertime (+2.5% cover/decade), which is statistically significant correlated to trends in vertical velocities at 200 mb (correlation -0.8, 99% confidence level). The respective vertical velocity related cirrus trend is about +2.0% cover per decade, indicating that 80% of the observed trend in cirrus has been caused by trends in vertical winds. The remaining part of cirrus cloud variability in the Caribbean could be related to man-made cirrus contrails, but this part is likely to be small since flight frequencies and fuel consumption in the area are moderate. Therefore, the contribution of regional persistent contrails on the cirrus cloud positive trend in the region is likely to be small. In summertime, trends in cirrus clouds are not significantly correlated to trends in vertical velocities at 200 mb as it was found in the case of S. E. Asia. According to our findings, it is difficult to detect possible effects of regional persistent contrails on cirrus cloud trends over the S. E. Asia air traffic corridors. This is because in winter there are not statistically significant trends in cirrus clouds and in summer trends in dynamics and thermo-dynamics mask this issue. Considering also that flight frequencies and fuel consumption are moderate over the tropical air traffic corridors, it makes it even more difficult to detect and quantify any possible anthropogenic effects.
